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Abstract: We experimentally demonstrate an optically-pumped III-V-on-SOI hybrid
vertical-cavity laser that outputs light into an in-plane Si waveguide, using CMOS-compatible
processes. The laser operates ∼1.49 µm with a side-mode suppression ratio of ∼27 dB and
has a similar threshold as long-wavelength VCSELs.
OCIS codes: (130.3120) Integrated optics devices; (140.2020) Diode lasers; (200.4650) Optical Interconnects.
1. Introduction
The vertical-cavity surface-emitting laser (VCSEL) is widely used for short-distance optical interconnects, e.g., com-
munications inside a large data center, due to its small energy consumption, high speed, and efficient light coupling to
an optical fiber. Its energy consumption in generating an optical bit (energy/bit) can be as low as 69 fJ/bit [1]. Despite
of these attractive laser characteristics, using the VCSEL for chip-level optical interconnects is not feasible since cou-
pling output light from the VCSEL into an in-plane Si waveguide is not straightforward, requiring extra efforts such as
a grating coupler and an alignment. Recently, we have proposed the hybrid vertical cavity laser (hVCL) structure that
is a vertical cavity laser monolithically integrated onto a Si-on-insulator (SOI) wafer and can output milli-Watt-level
light directly into a Si waveguide [2]. It can maintain all desirable properties of the VCSEL and its speed may exceed
that of the VCSEL since it has a smaller modal volume than the VCSEL. Thus, the hVCL appears to be an attractive
low-cost high-performance light source for the chip-level optical interconnects where an energy/bit less than 10 fJ/bit
is not demanded. In this paper, we report the demonstration of an optically-pumped hVCL with in-plane output, which
we believe is the first demonstration of lasing with in-plane emission in this structure to our knowledge.
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Fig. 1. (a) Schematic of the hVCL. (b) Scanning electron microscope (SEM) image of the fabricated
hVCL.
2. Device design, Fabrication, and Characterization
As shown in Fig. 1(a), the hVCL consists of a dielectric distributed Bragg reflector (DBR), a III-V active material,
and a high-index-contrast grating (HCG) region formed in the Si layer of a SOI wafer. A Si waveguide is deliberately
positioned in front of the HCG region [2]. The HCG region reflects 99.5 % of vertically-incident light as well as
routing 0.3 % of it laterally into the Si waveguide. Thus, light is amplified vertically between the DBR and the HCG
and is emitted into the Si waveguide. This routing mostly occurs around the white dotted square in Fig. 1(a) and the
routed power can be a few mW in the Si waveguide [2].
The hVCL samples were fabricated by using CMOS-compatible processes. The HCG region and waveguide
were made by using e-beam lithography and dry etching. Then, the III-V active material including seven In-
GaAlAs/InGaAlAs quantum wells (QWs) is directly wafer bonded to the SOI wafer at 300 ◦C. After removing the InP
substrate, 7 pairs of TiO2/SiO2 DBR layers are deposited. The DBR region was defined by lift-off process. Finally,
to form an air gap between the III-V active material and the SOI wafer, wet sacrificial etching was conducted. The
fabricated hVCL chip was cleaved in the middle of the Si waveguide to measure light output from the waveguide. A
fabricated hVCL sample is shown in Fig. 1(b).
For optical pumping, a 980 nm pulsed laser diode with a 4 nm pulse width and 5 MHz repetition rate, and alignment
optics including a 50× near-infrared objective lens are used to focus a pumping beam onto the DBR. The pumping spot
has a e−2 diameter of 6 µm. The in-plane emission power from the Si waveguide was measured by using a multimode
fiber, and the beam profile of the in-plane emission was scanned by using a lensed fiber, as shown in the inset of Fig.
2(b).
3. Low threshold and Single mode property
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Fig. 2. (a) Measured in-plane output power as a function of absorbed pump power. (b) Beam profile
of the in-plane emission scanned by using a lensed fiber.
Figure 2(a) shows the measured in-plane output power as a function of absorbed power in the QW and separate
confinement heterostructure (SCH) layers. The absorbed power is estimated by using the monitored pump power, the
transmittance of the alignment optics, and the absorption efficiency in the QW and SCH layers. The threshold, Pth is
∼29 µW. The corresponding threshold current, Ith for the continuous wave (CW) case can be estimated as
Ith =
Pth
E980
×q× 1
f
∼ 0.99 mA (1)
where E980 is the photon energy at 980-nm wavelength, q is the electron charge, and f is the duty cycle of the pumping
beam. The measured e−2 transverse mode size from the vertical emission through is about 6 µm. The estimated Ith
of 0.99 mA is similar as that of long-wavelength VCSELs with a similar mode size. Since the transverse mode is
gain-guided in the current hVCL sample, the threshold will be able to be further reduced by introducing a guiding
scheme, e.g., a heterostructure in the HCG [3].
Fig. 2(b) shows the in-plane emission profile measured by scanning the single mode lensed fiber along the cleaved
plane of the SOI as indicated two white arrows. Considering the Si waveguide is ∼1.2 mm long and the spacing
between the end facet of the waveguide and the lensed fiber is ∼40 µm, the profile shows that the emitted light is
centered around the in-plane waveguide.
The in-plane emission spectrum at ∼4Pth pumping power is shown in Fig. 3 while the vertical emission spectrum
around threshold is shown in the in-set. Higher order transverse modes are strongly suppressed well above the threshold
with a side-mode suppression ratio (SMSR) of 27.5dB. The vertical emission image shows that the lasing mode has a
Gaussian-like transverse profile.
4. Summary
We have experimentally corroborated the hybrid VCL with in-plane output to a Si waveguide, using CMOS-compatible
processes. The laser has similar threshold and single mode properties as single-mode long-wavelength VCSELs.
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Fig. 3. The measured in-plane output spectra of the hVCL. The inset shows the output spectra meas-
ured from the vertical emission.
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